The interaction of a two-level atomic ensemble with a quantized single mode electromagnetic field in the presence of optical collisions is theoretically investigated. The main accent is made on achieving thermal equilibrium for coupled atom-light states (in particular dressed states). We propose a model of atomic dressed state thermalization that accounts for the evolution of the pseudo-spin Bloch vector components and characterize the essential role of the spontaneous emission rate in the thermalization process. Our model shows that the time of thermalization of the coupled atom-light states strictly depends on the ratio of the detuning and the resonant Rabi frequency. The predicted time of thermalization is in the nanosecond domain and about ten times shorter than the natural lifetime of rubidium D-lines.
INTRODUCTION
Present remarkable achievements with coherent manipulation of coupled matter-field states evoke great interest in the investigation of phase transitions in such systems 1, 2 . The key role in the behaviour of coupled states under consideration is played by so-called dark and bright polaritons, that is, bosonic quasiparticles representing a linear superposition of photons in an external (probe) field and the macroscopic (coherent) polarization of a two-level atomic system or excitons localized in quantum wells.
The critical temperature of a phase transition for polaritons can be high enough due to their small effective mass which is many order of magnitudes smaller than the free mass of atoms (or electrons). Although evidence of BoseEinstein condensation (BEC) of polaritons in semiconductor microstructures has been recently reported by several groups 1,2,3 the observation of high temperature phase transition remains an unsolved problem. In this sense atomic systems seem to be more attractive and experimentally feasible for polariton Bose-Einstein condensation purposes 4, 5, 6 .
For current experiments the lifetime of polaritons is in the picosecond regime, and comparable to the thermalization time. That's why, roughly speaking, these polaritonic systems with semiconductor microcavities are nonequilibrium (or quasiequilibrium) 7 , because the thermalization time must be shorter than the polariton lifetime in this case.
In the area of atomic physics, extremely long lifetimes of excitations are readily achieved at present. In this paper we will show that the atomic polariton lifetime is limited by the lifetime of two-level atomic transition spont τ only, that is in the nanosecond regime. Therefore polaritons in an atomic physics system could be preferable for observation of BoseEinstein condensation, given by the achieved long coherence times.
Progress towards the achievement of thermal equilibrium in coupled atom-field states has been made in the paper 8 . In particular the ability to thermalize coupled atom-light (dressed) states due to frequent collisions of rubidium atoms with buffer gas atoms in the presence of optical irradiation has been experimentally demonstrated in this work. In the literature such a process is called optical collision (OC) 9, 10 .
Although the main features of OC have been investigated a long time 10 the thermodynamic properties of coupled atom-light systems have not yet been studied fully. How it is pointed out in the work 9 in the limit of small Rabi splitting energy
(T is the temperature of the two-level atomic ensemble) the optical collisions reduce to equalizing dressed state populations under the secular approximation. However, the problem of thermalization or reaching the thermodynamically equilibrium populations of coupled atom-field states have not been studied. Standard theoretical approaches 8, 9, 11 in this case are based on the rate equations for the population of dressed states only, completely ignoring coupling between population and atomic coherences at the same time. Such an approach seems not suitable if we keep in mind the problem of polariton BEC observation. Actually spontaneous polarization build-up occurs in this case and polariton coherences become important 7 .
The aim of our paper is a fundamental theoretical investigation of the thermalization of coupled atom-field states, taking into account spontaneous emission processes beyond typically used approximations, cf.
12 .
MASTER EQUATION APPROACH FOR ATOM-FIELD INTERACTION IN THE PRESENCE OF OPTICAL COLLISIONS
The atomic collisions in the presence of a non-resonant radiation field can be considered as the elementary process of a collision between an isolated two-level atom A with a foreign (buffer) gas atom of sort B , i.e.
which is occuring with simultaneous emission (or absorption) of a photon with frequency L ω . The collision is called optical collision (OC) when the frequency of the optical field L ω is near-resonant to an atomic transition in A .
In Fig. 1 the schemes of non-resonant absorption of light with frequency L ω during the collision with a buffer gas atom are shown. The case of collisionally aided excitation of the level | b〉 of the atom for negative atom-light detuning
is illustrated in Fig. 1 Our description of thermalization of atom-field (dressed) states developed in the paper is based on the approach to OC presented in 12 and generalizes their treatment to detuning values δ comparable or larger than the thermal energy B k T . The master equation for the density matrix σ in the presence of both optical collisions and radiative (spontaneous) relaxation processes can be written down as follows:
where the last two terms account for spontaneous emission and collisions with buffer gas atoms. The Hamiltonian H describes atom-field interaction under rotating wave approximation and has the form
where
is the annihilation (creation) operator for the photons absorbed (or emitted) due to atomic collisions,
ε is the atom-field interaction constant that we take identical for all atoms, ab d is the atomic dipole matrix element, V is a volume occupied by the atomic gas. In expression ( 
characterizes the contribution of spontaneous processes in Eq. (2);
is the spontaneous emission rate ( spont τ is the natural lifetime of the atomic transition). The last term in Eq. (2) describes the atomic collisions and can be established as
where In (5) parameter γ characterizes the collisional relaxation rate (collisional broadening) in the presence of a monochromatic laser field; η determines the average phase shift appearing due to collisions. In connection with the theory of OC parameters γ and η can be represented as 9 :
= 1 cos ,
is the phase shift accumulates during the collision.
In particular, we based our calculations on the data of the experiment 8, 12 where authors examined spectroscopy and thermodynamic properties of rubidium atoms being in the buffer gas environment under ultra-high pressure in the presence of nonresonant laser radiation under the high temperature = 530 T K. Authors used argon gas as buffer gas 12 . In spite of condition γ η Γ is held in the experiment under discussion, the spontaneous emission plays an essential role in the thermalization process of coupled atom-light states due to the ability to change the population of the excited atomic level.
Note that the Doppler effect is not important for the problem under consideration. Firstly, the motion of the atoms cannot change the population of atomic levels thereby cannot restrict the thermalization process. Secondly, Doppler broadening (of order of a gigahertz) is significantly smaller than the collisional one under the experimental conditions, thus the Doppler broadening in our calculations is justified to neglect.
Let us now consider the situation when each collision happens in a short enough time span coll τ in comparison with a time interval coll T separating two collisions. Here we neglect temporal correlations between the spontaneous emission process and the collisional one. Loosely speaking spontaneous emission and optical collision processes are well separated in time as well. Further, Eq. (2) is valid under the so-called impact limit 1
Further we do not take into account the influence of the Franck-Condon factor (overlapping integral) in electric dipole operators that characterizes overlapping between the (quasi)-molecular wave functions for initial and final states during the collision 13 . Obviously, this factor becomes more important when the impact limit breaks down (for detuning δ such as 1 coll δ τ ) and a full quantum mechanical approach to optical collisions and line profile description become necessary 14 .
BLOCH-LIKE EQUATIONS UNDER DRESSED STATE REPRESENTATION
In the absence of collisions with buffer gas atoms Hamiltonian (3) for atom-light interaction explicitly has two eigenstates, called dressed states, defined as:
2( ) = cos , 1 sin ,
where N is a total photon number, , 1 a N + and , b N are bare atom-light states. Mixing angle
), where 0 2g N Ω denotes resonant Rabi frequency. In general parameters sin θ and cos θ can be represented as
+ Ω is the Rabi splitting frequency. It is important to emphasize that the state 2( ) N is always located below the state 1( ) N . In the paper we mostly focus on the case for which Rabi splitting energy comparable or larger than the thermal energy, i.e.
For the experiment 12 we are limited to Rabi frequencies 0 /2π Ω by the value of 0.1 THz which corresponds to maximally accessible optical power 0 300 P mW. At the same time the thermal energy ( B k T ) for rubidium atoms at ambient temperatures ( = 530 T K) corresponds to the frequency of 11 THz. In this case, we need to have large values of detuning δ ( /2 11 δ π ≥ THz) to fulfill relation (9) . In other words in the paper we are practically interested in the perturbative limit when
Physically condition (10) means that we deal with dressed states situated far from the region of resonant atom-field interaction. In Fig. 2 this situation is marked as (2) and (3) respectively.
We solve the master equation (2) in the basis of dressed states 1( ) N and 2( ) N . The density matrix elements in the dressed state representation (7) traced over the photon number N are defined as
The matrix elements 11 σ and 22 σ describe the populations of the dressed states 1( ) N and 2( ) N respectively.
The non-diagonal elements 12 σ ( 21 σ ) characterize dressed state coherences and correspond to population transfer between dressed state levels. Notably, the total population of dressed states (11) is conserved for OC processes, i.e. we have ( )
We now consider the properties of the real components , ,
x y z S of the pseudo-spin (Bloch) vector S combined from matrix elements (11) as follows:
With the help of (2) − (5) it is possible to get Bloch-like equations for pseudo-spin components , ,
where following notations are introduced:
In Eqs. 3) ; U describes the influence of the average phase shift on the evolution of the system under discussion.
Since we are interested in the conditions for the transition of coupled atom-light states to thermal equilibrium we have introduced in Eqs. (13) 
S
with the rate 2w due to collisions with buffer gas atoms. The dependence of ( ) eq z S on temperature can be easily understood from the thermodynamic properties of the coupled atom-light system 8, 15 . In particular, the population of the lower dressed state 2( ) N should be much larger
times] than the upper one in thermal equilibrium. We suppose
where last expression is valid under the perturbative limit (10).
In the limit of large detuning one can omit the terms containing collisional broadening γ and spontaneous emission Γ from Eqs. (13) and we obtain the same results as in 15 , obtained from Schrodinger representation for optical collisions.
In this case the energy difference is balanced by the kinetic energy of the colliding particles. Since the state 2( ) N is energetically lower than the state 1( ) N , energy is taken from the thermal reservoir of the buffer gas during the transition from 2( ) N to 1( ) N (see Fig. 2 ). About The population transfer between dressed states evokes a thermalization process of coupled atom-light states which is characterized by the thermalization rate
Notably, 2w depends on the collisional rate γ as well as on the ratio 0 /δ Ω which characterizes the atom-field interaction.
THERMALIZATION OF COUPLED ATOM-LIGHT STATES
Our goal in this Section is to find stationary solutions of Eqs. (13) which are close to the thermodynamically true equilibrium state ( ) eq z S of the coupled atom-field system.
The full set of Eqs.(13) yields a steady-state solutions:
where we made the denotation
First, we examine the role of atomic collisions in the thermalization process, completely neglecting spontaneous emission within the so-called secular approximation:
, .
In this case from expressions (16) one can assume that:
The inequalities (17) The thermodynamically full equilibrium behaviour of the dressed state population imbalance
is represented by the dotted (red) curve in Fig. 4 . It is important to emphasize that for large positive atom-light field detuning > 0 δ under condition (10) we achieve inversion in the two-level atomic system being under the thermal equilibrium 15 . Actually in this limit from dressed state definitions (7) 
In Fig. 4 the dependence of dressed state population imbalance z S in the steady-state (19) versus atom-field detuning δ is plotted. The full thermalization of the atom-light state (dotted curve in Fig. 4 ) is approached at infinite Rabi frequency (i.e. for infinite input laser power) only. The same result can be obtained from Boltzmann-like (rate) equations for dressed state populations if the contribution from spontaneous emission to the thermalization of the atomfield states is completely neglected 8 .
The decaying of dressed state population imbalance in (19) due to spontaneous emission is described by + Γ . To minimize this effect we require the rate of thermalization of atom-field dressed state 2w to be much larger than the effective rate of spontaneous emission + Γ , i.e. the inequality
should be satisfied.
With the help of definitions (14) and (20) one can obtain:
The relation (21) is one of the main results of the paper and a characterizing condition for reaching true thermal equilibrium of coupled atom-field (dressed) states. Such an equilibration is achieved at the far detuned tails of dressed states population imbalance z S in Fig. 4 Fig. 4 and Fig. 5 .
In particular, at experimentally achieved maximal power 300 P mW the resonant Rabi frequency is 0 /2 0.1 π Ω THz and the time of thermalization therm T approaches to 10.8 ns (for 400 bar helium buffer gas pressure) and 3.37 ns (for 500 bar argon buffer gas pressure). The last value is essentially shorter than spontaneous emission lifetime spont τ . In this sense we can speak about achieving the equilibrium for coupled atom-light states (state (2) in Fig. 2) in the experiment (see Fig. 5 ).
Further diminishing of the thermalization time is possible by increasing an incident optical power. Notably, the full thermalization of coupled atom-light state is achieved for infinite laser power − cf. Fig. 4 . 
